We report on broadband absorption spectroscopy in the near IR using a multipass cell design based on highly reflecting mirrors in a confocal arrangement having the particular aim of achieving long optical paths. We demonstrate a path length of 314 m in a cell consisting of two sets of highly reflecting mirrors with identical focal length, spaced 0.5 m apart. The multipass cell covers this path length in a relatively small volume of 1.25 l with the light beam sampling the whole volume. In a first application, the absorption spectra of the greenhouse gases CO 2 , CH 4 , and CO were measured. In these measurements we used a femtosecond fiber laser with a broadband spectral range spanning the near IR from 1.5 to 1.7 μm. The absorption spectra show a high signal-to-noise ratio, from which we derive a sensitivity limit of 6 ppmv for methane observed in a mixture with air.
Introduction
Absorption laser spectroscopy (ALS) is considered to be a powerful technique for qualitative and quantitative studies of atoms and molecules. The importance of ALS stems from its capability to detect gases in trace concentrations, which has many applications not only in physics and chemistry but also in environmental monitoring, biology, and medicine. A limitation of ALS originates from the requirement of long absorption path lengths especially when detecting low concentrations of gases on the order of parts per million by volume. To reach such a high sensitivity, a variety of techniques exists, which are all based on achieving long optical path lengths. The most sensitive systems employ resonant cavities with high quality factors, such as cavity ringdown spectroscopy (CRDS) [1, 2] and cavity enhanced absorption and leak out spectroscopies (CEAS, CALOS) [3, 4] , where achieving optical path lengths in the range of kilometer length are routine. More modest absorption lengths are provided by nonresonant devices such as integrated cavity output (ICO) [5, 6] and ringdown (ICRD) [7] spectroscopies as well as various multipass absorption spectroscopies (MPAS) [8] [9] [10] [11] [12] [13] . The nonresonant methods are simple to work with and more robust against misalignment and have so far achieved path length of up to about 240 m. Multipass absorption cells have been used in applications including environmental monitoring [14] [15] [16] [17] , analyses of combustion processes [18, 19] , performance of medical diagnostics [20] , and the study of fundamental atomic and molecular physics [21, 22] .
Common types of multipass cells are White cells [8, 9] , Herriott cells [10] , optical matrix system cells [11] , simple cells based on a combination of White and Herriott configurations [12] , and astigmatic mirror cells [23] . The White cell [8, 9] is the oldest arrangement and is composed of three concave spherical mirrors. The number of reflections can be varied by changing the mirror angles. The Herriott cell [10] has two identical spherical mirrors with equal radii of curvature. The mirrors are separated by a distance that is close to the radii of curvature. The laser beam is coupled into the cell through a hole in one of the mirrors at an angle to the optical axis; it completes a certain number of passes between the mirrors and exits through the same hole (or a hole in the other mirror). In [10] , the beam optical path length is fine-controlled by adjusting the separation distance between the mirrors. Absorption path lengths of up to 50 m were achieved for a Herriott cell with a base length of 0.5 m. In both the White and the Herriott configurations, many of the spots are overlapped and the surfaces of the mirrors are not used efficiently. In order to better fill the mirror surfaces, a multipass optical cell formed by two astigmatic concave mirrors has been used [11] . The two mirrors have different radii of curvature, and the laser beam is injected and exits from the cell through a coupling hole in the center of the front mirror. With such an astigmatic multipass optical cell, absorption path lengths of up to 240 m have been realized for a cell with a base length of ≤1 m [13, 24] . All reported multipass cells [8, 10, 11] can be enclosed in a vacuum chamber (for measurement in static gas samples or controlled gas flows), or be open to the atmosphere (for trace gas monitoring applications). A multipass optical cell based on two cylindrical mirrors has been reported in [25] . In addition, Silver [26, 27] described mathematically a cell consisting of two cylindrical mirrors with equal focal lengths. By rotating the rear mirror and adjusting the distance between the front and rear mirrors, different spot patterns and path lengths can be achieved. Recently, with a multipass cell based on cylindrical mirrors, path lengths of 15 and 50 m were achieved in [28, 29] , respectively.
In this paper we report on a multipass cell design based on confocal mirrors with a particular focus on achieving very long optical paths. We demonstrate a path length of about 300 m in a cell with the mirrors spaced 0.5 m apart. Different spot patterns and path lengths were achieved by tilting the mirrors with angles ≤0.05 rad. In a proof-of-principle experiment, CO 2 , CO, and CH 4 direct absorption measurements were performed using an M-fiber femtosecond fiber laser (Menlo Systems GmbH) with a broadband supercontinuum spectrum in the near-IR spectral range from 1.5 to 1.7 μm. Absorption spectra were recorded using a high-resolution spectrum analyzer (Yokogawa AQ6375) and showed a high sensitivity level with good signal-to-noise ratio (S∕N), which could be extrapolated to a theoretical maximum sensitivity in the parts per million by volume range.
Optical Arrangement of the Multipass Cell
Multipass cells usually involve two or more mirrors. By fine adjustment of the positions of these mirrors relative to each other, the desired number of reflections is achieved. One requirement to obtain a maximum number of reflections is employing mirrors of ultrahigh reflectivity. In the reported multipass system, six mirrors were employed. Each side is formed by three spherical mirrors having 500 mm radii of curvatures: two of them are in a square shape of 25 mm × 25 mm, while the third one has rectangular shape with dimensions of 25 mm × 50 mm. Together the three mirrors form a square with dimensions of 50 mm × 50 mm and act as reflectors on each side of the cavity. Each mirror can be tilted independently in the horizontal and vertical planes to change the number of reflections. Also the position of each mirror can be adjusted independently in the horizontal and vertical directions. The gaps between the mirrors are minimized in such a way that the mirrors can be tilted without touching each other. Before adjusting the number of desired reflections for a particular task, the spot pattern on each mirror is calculated. To achieve this, a computer simulation code in FORTRAN was developed to determine and optimize the coordinates of the reflections. In the simulation, the two rectangular mirrors (50 mm × 25 mm) are considered to be composed of two square mirrors (25 mm × 25 mm). In the usually employed arrangement, a simulation is carried out, where on each side the reflector area of the multipass is divided into 64 squares of 6.25 × 6.25 mm size each; i.e., the number of squares in each square mirror is 16. The optimizing criteria are as follows: the reflected beam cannot go outside the mirror areas, it must not go back to the edge of the incident aperture and must not be incident on the edges of the mirrors, the beam folding number should be as large as possible, and the multireflected beams must completely cover the designated volume. The simulation considers all subareas as the locations of the aperture on the mirror where the entrance and the exit of the beam occur, and assumes the input laser beam is always parallel to the system axis. Each mirror has its own center of curvature. The image position of an object spot depends on the center of curvature of the mirror from which it is reflected. In order to ensure that the image locations always stay on the center of a subarea, all mirror centers must be on the corners between the subareas. There are nine corners that are closest to the system center. The simulation scans these nine corners considering them as the possible mirror center for each mirror. Our computer program uses a multilooping structure to find the optimum sequence of filling the six mirrors. It works similarly to finding the best move in a chess game and is not based on matrix formulation, but only on the law of reflection, where both the image point and the object point are symmetrical to the center of the reflecting mirror. It requires considerable computing effort and for the present 64 squares case takes about two days on a personal computer. As an example, the algorithm of a simulation program for seeking the highest number of reflections is as follows: (a) the image coordinates of the first reflection are calculated, (b) these coordinates are used as the next object point to determine the coordinates of the following image point, (c) the process is repeated until the beam exits through the same hole from which it entered the system, and (d) the configuration yielding the highest number of reflections is saved, while the others are discarded. In cases in which the beam leaves the surface of the mirrors, the simulation is terminated, and new locations for the orientation of curvatures are assigned. After having calculated the spot pattern for the desired input parameters, the mirrors were adjusted until the spots matched their theoretical positions and the spot pattern fell into its place. The simulation shows that dividing each mirror into smaller subareas is an effective way to increase the number of reflections as shown in Fig. 1 , where the number of reflections increases linearly when increasing the number of subareas.
Using this result, the signal enhancement rate (SER) is found to increase when increasing the number of reflections. Here the SER is defined as I 1 -I 2 ∕I β , where I 1 I in × R N and I 2 I in × R − β N are the output laser beam intensities without and with the absorbing medium, respectively, I β I in × β is the intensity absorbed after a single pass, I in is the input intensity, R is the mirror reflectivity, N is the number of reflections, and β is the absorbance coefficient of the medium for a single pass. In the calculations shown in Fig. 2 , mirror reflectivity of R 99.995% and β 0.00002 were used.
Experimental Results
The optical setup for carrying out absorption spectroscopy is shown in Fig. 3 . It consists of the multipass system, the M-fiber femtosecond laser, and a spectrum analyzer. The multipass cell is composed of high-reflectivity mirrors from Layertec GmbH. The front confocal mirror M3 has a 2 mm diameter hole through which the light beam enters and exits. Since the light intensity at the output reduces exponentially with the number of reflections, highreflectivity mirrors are necessary to achieve very long path lengths with sufficient light exiting the cell for spectroscopic measurements. All six mirrors that form the cell have a broadband dielectric coating with a reflectivity higher than 99.995% in the wavelength range from 1.5 to 1.75 μm. To achieve precision tilt control, micrometer adjustable rotation stages were attached to the sides of the mirrors. For fine adjustment of displacement, the precision rotation stages were fixed to XYZ translation stages. The volume occupied by the beams depends on the space between the mirrors. This volume has roughly a 50 mm × 50 mm cross section and is 500 mm long, yielding a total volume of 1.25 l.
For measurements with the multipass cell, we used a broadband femtosecond laser from Menlo Systems GmbH having an output power of 200 mW and with Raman shifting covered the spectral range from 1.5 to 1.75 μm. In addition, mode matching of the input beam to the cell configurations was carried out in such a way that the beam diameter remained the same for a round trip in the cell.
The spectrum of the input and output beams was measured by an optical spectrum analyzer (Yokogawa AQ6375). It covers the range from 1.2 to 2.4 μm and has a high sensitivity that enables measurements of powers as low as −70 dBm. It also offers a high wavelength resolution, since it uses a double-pass monochromator structure to achieve a wavelength resolution of 0.05 nm and a wide close-in dynamic range (55 dB). Thus, closely located signals near the noise limit can be observed.
In practice, the beam spots on the mirrors were adjusted to match the theoretical positions by the following procedure: initially we cover each mirror's reflective side with a transparent mask that has the subarea divisions indicated, then by tilting the mirrors, the first 18 spots on the mirrors were positioned, as required by the theoretical pattern with the beam spots at the center of each subarea with accuracy of about 0.1 mm. The alignment was achieved with the help of an infrared InGaAs camera from Hamamatsu (Model C10633) that has a spectral sensitivity from 0.9 to 1.7 μm and a quantum efficiency of 80% at 1.5 μm. Once the alignment is achieved, after 628 reflections the beam exits the same hole where the beam enters the multipass cell, and its power is measured by a power meter. Then while keeping the desired spot pattern, the exit beam power was maximized by additional fine tuning of the positions and angles of each mirror. The transmission efficiency (power of the exit beam/power of the input beam) of the multipass cell reached about 80%. This is close to the theoretical transmission efficiency of about 90% obtained from the known reflectivity of the mirrors and the number of passes. The difference between the theoretical and measured transmission efficiency is mainly due to losses from the spots that were close to the gaps between the mirrors. Figure 4 displays the 2D and 3D intensity profiles of the observed spot patterns for mirrors M1-4 [ Fig. 4(a) ] and mirrors M5-8 on the opposite side [ Fig. 4(b) ]. In the 2D intensity profile, the spot sizes are not equal. This is mainly due to the fact that occasionally the beam falls within the same subarea on the same mirror several times. One of the performance characteristics of a multipass system is the average visiting number N of the laser beam per spot area on the mirrors, and in other experiments it has caused S∕N limitations due to interference fringes of scattered light [23] . This effect is significantly reduced in our experiment, which used a highrepetition-rate short-pulse femtosecond frequency comb laser. In this case not only spatial but also temporal overlap are required to produce interference fringes. In addition the rear side of the highreflectivity mirrors was antireflection coated. In the present experiment N 4.9 and causes the intensity profiles in Fig. 4 .
The sensitivity of the multipass cell was tested by measuring the absorption spectra of CH 4 , CO, and CO 2 . These molecules have overtone absorption bands that fall within the range of the used laser radiation (1.5-1.7 μm). In order to sample desired gas mixtures, the multipass system is placed in a plexiglass enclosure at atmospheric pressure of ambient air. The enclosure has two ports; one is used for admitting the gases through leak valves for each gas, and the other port has an optical window for the input and output laser beams. Figure 5 shows the output beam spectrum (laser spectrum, LS) recorded by the spectrum analyzer with no gas leaked to the multipass cell.
When the gases were leaked into the cell, the absorption spectra of CH 4 , CO, CO 2 gases were obtained and are displayed in comparison with the LS in Fig. 6 . The total multipass absorbance α is obtained from
where I is the light intensity remaining after absorption (the exit beam intensity) and I 0 is the output intensity in the absence of the absorber (when the mirror losses are small it is close to the input beam intensity). For small losses, we have variations δI 0 ≈ δI, and when they are determined independently one can write for the variation of the absorbance [30, 31] δα ≈ 2 δI I :
The signal-to-noise ratio, S∕N α∕δα, by taking into account that α ∝ n 1 and that I 0 ≈ I ∝ R n , where R is the reflectance per pass and n is the number of reflections, can be expressed in the form [32] 
The minimum detectable number density of absorbing molecules ΔN is given [33] as
Equation (4) shows that to achieve the highest sensitivity to gas concentrations, the absorption path length L and the S∕N should be as large as possible, and the transitions with a large absorption cross section σ are preferable.
The total absorbances α of CH 4 , CO, and CO 2 gases can be obtained from the observed data shown in Fig. 6 and are plotted as a function of the wavelength as shown in Figs. 7-9 .
With the aim of determining the possible maximum sensitivity of the developed optical multipass system, the absorption spectrum of CH 4 was measured and analyzed quantitatively. From the measured absorption spectrum of the CH 4 of Fig. 7 , we selected the absorption line having the highest absorbance at λ 1.645 μm, where α − lnI∕I 0 12. From the known absorption cross section [33] σ 17 × 10 −21 cm 2 ∕molecules and the optical path length L 314 m, we can find the number density of CH 4 molecules
i.e., N 2 × 10 16 molecules∕cm 3 , and the corresponding concentration of 800 ppmv. The observed absorption spectrum of CH 4 in comparison with the HITRAN database spectra in Fig. 10 exhibits a high S∕N of about 120. The S∕N is obtained by integrating the area under the spectral peak, which is the signal S, and dividing S by the integral of the intensity over a corresponding amount of area where no signal is detected, which is the noise N. For discussion, reference is made to Figs. 10 and 11; Fig. 11 depicts the HITRAN simulation for the six overlapping lines of interest, and Fig. 11 is a comparison of the observed and simulated signals. The measured signal is broadened by the resolution of the spectrum analyzer. We measure the spectra without any averaging in 25 s per spectrum of 250 nm bandwidth with 0.05 nm resolution and 0.01 nm sampling interval. The minimal detectable number density of absorbing molecules ΔN is then 120 times less than what is given by Eq. (5) and is about 1.6 × 10 13 molecules∕cm 3 , i.e., 6 ppmv. Similarly, the minimal detectable number densities of CO 2 and CO were found 640 and 320 ppmv. The ambient air concentrations of CH 4 , CO 2 , and CO are 1.7, 387, and 0.2 ppmv, respectively; i.e., it will be not possible to monitor these molecules in the ambient air.
Conclusion
A multipass optical cell with a large optical path length was built and tested. It behaved as a nonresonant cavity and is based on six highly reflecting confocal mirrors of identical focal length. The multipass cell of 50 cm length covers the long optical path length of about 314 m in a relatively small volume of about 1 l where the particles of the gas medium between the reflecting mirrors undergo interaction with the laser radiation. Different spot patterns and path lengths have been achieved by tilting the mirrors with angles ≤0.05 rad. For testing, the developed multipass cell direct absorption measurements of CO 2 , CO, and CH 4 have been performed using a broadband frequency comb femtosecond fiber laser in the spectral range from 1.5 to 1.7 μm. The absorption spectra for CO 2 , CO, and CH 4 were recorded using a spectrum analyzer and showed good S∕N. In the case of methane, S∕N 120 was found, yielding Fig. 9 . Total absorbance α of CO 2 gas as a function of the wavelength. Fig. 10 . HITRAN simulation of 6 CH 4 absorption lines between λ 1.645 μm and λ 1.646 μm at room temperature 296 K, at 1 atmospheric pressure, 800 ppm methane, and 314 m absorption length. the estimated theoretical sensitivity of 6 ppmv, which can be further improved by optimizing the number of passes. The optical apparatus is portable and can be used for a wide range of applications, including environmental monitoring, combustion processes, medical diagnostics, and fundamental atomic and molecular physics studies.
